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Preface 

This  investigation  is  part  of  a  continuing  effort  to  characterize  available  battery 
systems  for  potential  use  in  many  present  and  new  naval  applications.  The  initial 
investigation  addressed  the  temperature  range  over  which  the  commercially  available 
lithium  carbon  monofluoride  batteries  could  be  used.  Impedance  spectroscopy  was  applied 
in  an  effort  to  provide  insight  into  the  rate  limitation  and  the  discharge  mechamsm. 

This  work  was  sponsored  by  Office  of  Naval  Research  under  the  High  Energy 
Battery  Project,  and  directed  by  Dr.  Patricia  H.  Smith  at  the  Naval  Surface  Warfare 
Center,  Carderock  Division  (NSWCCD),  White  Oak  Detachment.  The  work  was 
performed  by  Advanced  Technology  and  Research  (ATR)  Corporation  of  Burtonsville, 
Maryland,  imder  contract  N60921-92-D-0002. 

The  authors  wish  to  acknowledge  the  numerous  and  helpful  scientific 
discussions  with  Dr.  Charles  Fleischmann  of  ATR. 
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Introduction 

This  investigation  is  part  of  a  continuing  effort  to  characterize  and  evaluate 
available  battery  systems  for  potential  use  in  present  and  new  naval  applications.  Navy 
use  of  lithium  batteries  has  been  limited  because  of  the  perceived  safety  risks  and 
storage  problems  associated  with  higher  energy  density  chemistries  such  as  lithium/ 
thionyl  chloride.  Nevertheless,  the  higher  voltage  available  with  the  lithium  systems  is 
very  attractive.  Consequently,  there  is  an  ongoing  effort  to  improve  existing  lithium 
chemistries  or  find  new  ones.  The  goals  are  to  provide  higher  voltage,  good  rate 
capability,  safety,  cost  effectiveness  and  easy  disposal. 

Lithium/carbon  monofluoride  was  one  of  the  first  commercially  available 
lithium  batteries  and  has  been  used  in  consumer  and  military  applications.  This 
chemistry  has  one  of  the  highest  theoretical  gravimetric  energy  densities  of  any  of  the 
lithium/solid  cathode  couples  (approximately  2260  Wh/kg).  It  has  a  practical 
gravimetric  energy  density  of  660  ^Vh/kg  and  a  volumetric  energy  density  of  1000  WTi/1. 
The  low  rate  capability  has  limited  the  use  of  this  system  to  low  or  moderate  rate 
applications.  While  the  battery  has  a  very  good  safety  record,  it  has  not  been  available  in 
sizes  larger  than  DD-size. 

This  study  was  initiated  for  several  reasons.  There  is  a  growing  interest  in 
determining  the  usefullness  of  this  chemistry  as  a  replacement  for  power  sources 
presently  used  in  mines  and  surveillance  hardware.  For  these  applications,  it  must  be 
able  to  perform  over  a  wide  temperature  range.  In  addition,  the  rate  limitation  has  not 
been  adequately  addressed  in  the  literature  and  the  discharge  mechanism  is  not  well 
understood. 

The  initial  investigation  presented  in  this  report  was  to  determine  the 
temperature  range  for  commercially  available  lithium/carbon  monofluoride  batteries. 
Impedance  spectroscopy  was  applied  in  this  study  in  an  effort  to  provide  insight  into  the 
rate  limitation  and  the  discharge  mechanism.  There  has  been  considerable  disagreement 
in  the  literature  over  the  actual  mechanism. The  simplest  mechanism  provided  by 
Linden  ^  suggests  that  the  carbon  monofluoride  is  reduced,  resulting  in  carbon  and 
fluoride  ions.  Others  believe  that  a  lithium  ion  intercalates  into  the  carbon  monofluoride 
structure,  forming  a  ternary  compound  which  is  reduced  and  subsequently  decomposes 
to  form  carbon  and  lithium  fluoride. 

While  the  limited  scope  of  this  investigation  cannot  entirely  clarify  the 
mechanism,  the  impedance  study  does  provide  insight  and  direction  for  additional  study. 


Experimental 


Cell  Construction 

The  lithium/carbon  monofluoride  batteries.  Model  BR-C,  were  manufactured  by 
Panasonic  and  purchased  from  Digi-key  Corporation.  They  were  used  within  about  six 
months  of  purchase.  The  actual  date  of  manufacture  is  not  know.  The  batteries  were 
cylindrical,  spirally  wound  with  a  diameter  of  26.0mm  and  a  height  of  50.0mm.  Various 
electrolytes  have  been  used  in  these  batteries,  including  lithium  hexafluorarsenate  in 
dimethyl  sulfite,  lithium  tetrafluoroborate  in  butyrolactone,  tetrahydrofuran,  or 
propylene  carbonate  and  dimethoxyethane.  The  electrolyte/solvent  system  used  here 
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was  lithium  tetrafluroborate  in  butyrolactone.  The  separator  is  a  polyolefin  non-woven 
cloth  like  polypropylene  which  is  sealed  over  the  cathode  with  a  tab  placed  in  the  center 
of  the  cathode.  In  the  construction,  the  anode  and  cathode  sandwich  the  separator. 
Panasonic  lists  the  nominal  capacity  of  these  batteries  as  5Ah  and  the  nominal  voltage  as 
3.0  volts;  however,  the  average  open  circuit  voltage  measured  for  the  batteries  tested  was 
3.36  volts.  One  batteiy  was  disassembled  and  found  to  have  a  cathode  dimension  of  3.75 
cm  X  28.1  cm  yielding  an  area  of  105.4  cm  per  side. 


Test  Equipment 

The  batteries  were  discharged  (Tenny  Engineering  Inc.,  Union,  NJ)  under 
constant  load  conditions.  Environmental  chambers  were  used  to  maintain  temperature 
control.  Sets  consisting  of  three  batteries  were  discharged  at  four  different  temperatures, 
-20°C,  0°C,  25°C  and  70°C,  and  two  different  loads,  5  and  50  ohms.  The 
instrumentation  used  for  the  constant  load  discharge  was  designed,  built  and 
programmed  at  NSWCCD.  The  load  was  applied  using  computer  controlled  relays  with 
contact  resistances  of  less  than  a  milliohm.  Data  was  acquired  with  a  Keithly  Metrabyte 
DAS  1600  data  acquisition  board.  The  controlling  program  allowed  for  voltage  set  points 
and  load  selection. 

AC  Impedance  measurements  were  made  with  a  Solartron  1260  Gain-Phase 
Analyzer  used  in  conjunction  with  an  EG&G  PARC  Model  273A  Potentiostat.  The 
potentiostat  was  used  in  a  two-terminal  mode  with  the  reference  electrode  lead  attached 
directly  to  the  auxiliary  electrode  lead.  All  open  circuit  measurements  were  made  using 
the  electrometer  of  the  potentiostat.  All  impedance  measurements  were  made  at  open 
circuit  with  a  ImV  amplitude  sinusoidal  perturbation  waveform. 

Cycling  and  AC  Impedance  Procedures 

Prior  to  discharge  at  the  selected  load  and  temperature,  impedance 
measurements  were  made  on  all  fresh  batteries  at  open  circuit  and  room  temperature. 

The  sets  were  placed  in  the  Tenny  Chambers  and  allowed  to  equilibrate  at  the  selected 
temperature  for  24  hours.  All  batteries  were  discharged  to  0.05  volts  to  obtain  the 
maximum  capacity.  The  sampling  rate  was  one  second  for  all  data  acquisition.  Batteries 
that  had  completely  discharged,  were  allowed  to  stand  at  room  temperature  and  open 
circuit  for  at  least  24  hours  prior  to  making  impedance  measurements.  The  batteries 
were  allowed  to  stand  at  room  temperature  for  another  30  days  after  which  another 
impedance  measurement  was  made  on  each  battery.  The  stand  time  after  discharge  was 
selected  to  allow  the  batteries  to  return  to  a  reproducible  equilibrium  position.  The 
thirty-day  rest  period  was  selected  to  determine  what  relaxation  occurs,  if  any,  in  the 
batteries  when  allowed  to  stand. 


Results  and  Discussion 

The  discharge  protocol  used  in  this  investigation  did  not  represent  any  specific 
naval  application.  It  was  intended  to  stress  the  batteries  over  extreme  temperature 
conditions.  Commercial  batteries  were  chosen  to  determine  the  capabilities  of  an 
available  product.  This  approach  minimizes  development  cost  and  also  identifies  areas 
for  improvement  to  existing  systems  or  new  development. 
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The  discharge  rates  were  only  moderate;  however,  the  discharge  temperatures,  in 
conjunction  with  the  moderate  discharge  rates,  were  expected  to  provide  adequate 
insight  into  the  capabilities  of  this  chemistry.  Impedance  spectroscopy  was  used  to 
probe  the  discharge  mechanism  and  to  better  understand  the  apparent  high  rate  limitation 
found  in  this  chemistry. 

Discharge  Behavior 

Figures  1  through  4  show  the  voltage  vs.  time  curves  resulting  from  the 
discharge  of  four  sets  of  three  batteries  at  temperatures  of  70°C,  25°C,  0°C  and  -20°C  and 
a  load  of  50  ohms.  Curves  for  batteries  discharged  over  the  same  temperature  range  at  5 
ohms  are  shown  in  Figures  5  through  8.  The  figures  show  the  discharge  curves  for  all  of 
the  batteries  within  a  set  are  identical. 

The  voltage  plateaus  obtained  under  each  of  the  discharge  conditions  were 
relatively  flat.  In  Figure  7,  there  is  evidence  of  two  plateaus;  but  that  was  not  observed 
in  any  of  the  other  discharge  curves.  The  literature  suggested  that  two  plateaus  may  be 
observed.'  The  first  plateau  is  believed  to  be  due  to  the  CFx  electrochemical  reaction 
and  the  second  is  due  to  the  electrolyte  reduction.  This  behavior  was  not  observed  for 
any  of  the  batteries  discharged  in  this  study,  except  those  discharged  at  0°C  with  a  5-ohm 
load.  There  are  visible  shoulders  on  the  falling  portion  of  the  discharge  curve  for  most 
of  the  discharge  conditions.  The  reason  for  this  is  not  clear,  although  they  could  be  the 
electrolyte  reduction  waves  suggested  in  the  literature.  In  the  -20°C  discharges  at  both 
rates,  there  is  an  unexplained  increase  in  the  voltage  below  0.5  volts.  Further,  the 
voltage  does  not  drop  off  sharply  at  that  temperature,  but  continues  to  decrease  very 
slowly  for  considerably  longer  than  at  higher  temperatures.  The  reason  for  the  longer 
discharge  time  at  low  temperature  is  not  obvious  but  may  be  due  to  a  multistep 
mechanism  or  the  viscous  nature  of  the  solvent  at  that  temperature. 

The  average  plateau  voltage  and  the  average  capacity  down  to  a  voltage  cut-off 
of  1 .8  volts  is  tabulated  for  each  battery  in  Table  1 . 


Table  1.  Average  Plateau  Voltage  and  Average  Capacity. 


Load  Resistor 

Temperature 

Average  Plateau 

Average  Capacity 

(ohms) 

(°C) 

Voltage  (V) 

@1.8  volts  (Ah) 

70 

2.74 

6.14 

50 

25 

2.54 

5.69 

0 

2.33 

4.72 

-20 

2.1 

4.18 

70 

2.53 

5.22 

5 

25 

2.26 

4.61 

0 

2.05 

2.97 

-20  n 

1.75 

•  .  <>  _ Xl_ 

0.74 

Note;  The  voltages  and  capacities  result  from  the  average  of  three  batteries  at  each 
condition 


The  nominal  capacity  listed  by  the  manufacture  (5Ah)  was  obtained  for  the 
batteries  discharged  with  the  50-ohm  load  at  all  but  the  lowest  temperature.  Batteries 
discharged  with  the  5  ohm  load  yield  the  nominal  capacity  for  70  C  and  25  C,  but  fell 
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off  sharply  at  the  lower  temperatures.  The  capacity  at  -20°C  was  only  15%  of  the 
nominal  capacity. 

Under  all  of  the  discharge  conditions,  except  those  resulting  in  the  discharge 
curves  shown  in  Figure  1  (temperature  =  70°C  and  load  =  50  ohms),  there  is  a  sharp 
voltage  drop  at  the  beginning  of  the  discharge  followed  by  a  very  long  rise  in  voltage  to 
the  nominal  load  voltage.  This  recovery  time  is  inversely  proportional  to  discharge  rate. 
Looking  at  any  of  the  discharge  curves,  it  is  noted  that  the  recovery  times  for  the 
batteries  discharged  at  50  ohms  are  approximately  an  order  of  magnitude  longer  than  for 
the  batteries  discharged  at  5  ohms  at  the  same  temperature.  The  recovery  time  increases 
with  increasing  temperature,  reaching  a  maximum  between  0°C  and  25°C,  and 
decreasing  as  temperature  is  increased  above  25°C.  If  the  discharge  data  is  normalized 
for  the  load  resistance,  the  50-ohm  load  discharge  still  results  in  a  more  drawn  out 
recovery. 

This  behavior  at  the  beginning  of  the  discharge  is  consistent  with  the  fact  that 
carbon  monofluoride  (CFx)n  has  a  high  electrical  resistance.  To  lower  the  internal 
resistance,  it  is  normal  practice  to  include  up  to  13w/o  carbon  with  the  carbon 
monofluoride.  The  final  products  of  the  discharge  are  lithium  fluoride  (LiF)  and 
amorphous  carbon  as  shown  below. 


nxLi  +  (CFx)n  nxC  +  nxLiF 


[1] 


As  the  discharge  proceeds,  the  production  of  active  carbon  reduces  the  internal 
resistance,  resulting  in  a  rise  in  voltage.  During  the  discharge,  LiF  is  also  produced  and 
eventually  the  beneficial  effects  of  the  carbon  produced  are  outweighed  by  the 
deposition  of  LiF  in  the  pores  of  the  cathode.  LiF  is  resistive  and  should  result  in  a  drop 
in  conductivity  of  the  cathode.  The  deposition  of  LiF  should  also  affect  the  diffusion  of 
lithium  ions  into  the  cathode,  resulting  in  cell  failure.  The  discharge  curves  resulting 
from  the  50-ohm  discharge  demonstrate  a  normal  fall-off  in  capacity  with  rate, 
suggesting  that  the  deposition  of  LiF  under  those  conditions  does  not  result  in  capacity 
loss.  It  is  likely  that  the  LiF  is  the  reason  for  the  extended  recovery  time  noted  when  the 
discharge  data  was  normalized  for  the  load  resistance.  Even  at  -20°C,  the  resulting 
capacity  is  84%  of  the  nominal  5Ah.  The  same  cannot  be  said  for  the  batteries 
discharged  with  the  5  ohm  load.  The  discharge  at  70°C  and  25°C  show  normal  loss  in 
capacity,  but  the  discharges  at  0°C  and  -20“C  show  a  dramatic  loss  in  capacity.  At 
higher  rates  of  discharge,  the  electron  transfer  reaction  happens  closer  to  the  surface,  that 
is,  the  reaction  does  not  occur  very  deeply  in  the  pores  of  the  cathode.  As  a  result,  the 
LiF  produced  is  concentrated  at  the  surface  and  might  be  expected  to  interfere  with 
diffusion  of  the  lithium  ion  into  the  cathode.  Limiting  the  diffusion  of  lithium  ions  to 
areas  near  the  surface  and  not  allowing  diffusion  into  the  pores  will  isolate  the  carbon 
monofluoride  deep  in  the  pores  leaving  it  unreacted.  This  effect  will  be  in  addition  to 
the  increased  viscosity  of  the  solvent  which  will  also  act  to  decrease  the  diffusion  of 
lithium  into  the  cathode.  The  combined  effect  would  be  expected  to  cause  the  dramatic 
loss  in  observed  capacity. 

The  relationship  between  temperature  and  the  noted  recoveiy  time  is  more 
difficult  to  understand  than  the  relationship  between  discharge  rate  and  recovery  time.  A 
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multistep  reaction  mechanism  has  been  proposed  in  the  literature*’^  to  account  for  the 
difference  in  the  actual  cell  potential  of  3.3  volts  and  the  theroetical  voltage  of  4.57 
volts.  The  formation  of  a  ternary  compound  of  lithium,  fluoride  and  carbon  has  been 
proposed  (Equation  [3]  and  [4]). 


xLr  +  CF^  — >  xLiF  +  C  [2] 

nxLi^  +  nxe’  +  (CFx)u  ->  (Lix^Px)n 

(LixCFx)n  nxC  +  nxLiF  [4] 


If  the  ternary  compound  is  more  conductive  than  the  carbon  monofluoride,  then 
the  production  of  that  compound,  along  with  any  carbon,  could  be  used  to  explain  the 
increase  in  cell  voltage  which  was  earlier  attributed  solely  to  carbon.  Assuming  that  the 
decomposition  reaction  is  slow,  at  lower  temperatures  the  production  of  LiF  would  be 
decreased.  The  fact  that  the  recovery  time  increases  with  temperature  up  to 
approximately  25°C  and  then  decreases  again  is  not  completely  explained  by  the  change 
in  the  rate  of  LiF  production.  It  is  possible  that  there  is  a  change  in  morphology  of  the 
LiF  which  decreases  the  negative  effects  at  higher  temperature.  Another  possible 
explaination  would  be  to  recall  that  the  viscosity  of  the  solvent  is  high  and  at  colder 
temperatures  will  get  higher.  As  a  result,  one  would  expect  the  electron  transfer  reaction 
to  not  penetrate  very  far  into  the  porous  structure.  This  is  similar  to  the  argument  used 
before  to  explain  the  dramatic  decrease  in  capacity  at  high  rates  and  low  temperatures. 
Further,  discharge  data  supports  the  assumption  that  the  LiF  does  not  increase  the 
resistance  of  the  cathode  significantly  early  in  the  discharge.  It  can  then  be  expected  that 
the  recovery  time  will  be  shorter  at  lower  temperature.  As  the  temperature  is  increased, 
the  reaction  penetrates  into  the  porous  structure  producing  more  carbon  and  more  LiF. 

As  previously  noted,  the  LiF  results  in  a  slight  increase  in  the  recovery  time,  most  likely 
by  inhibiting  diffusion.  Finally,  at  high  temperature,  the  reaction  penetrates  deeply  into 
the  pores,  producing  a  lot  of  carbon  and  LiF.  However,  it  is  possible  that  at  the  higher 
temperatures,  the  LiF  is  more  soluble  or  does  not  adsorb  as  strongly  on  the  carbon 
surface,  again  decreasing  the  recovery  time.  This  is  an  area  where  more  work  is 
required. 

Following  the  completed  discharge,  the  batteries  were  removed  from  the 
environmental  chamber  and  allowed  to  relax  at  room  temperature  for  at  least  24  hours. 
This  time  was  required  to  ensure  that  the  batteries  had  come  to  an  electrochemical 
equilibrium,  as  well  as  a  constant  temperature.  Except  for  batteries  tested  at  the  lowest 
temperature,  the  units  returned  to  room  temperature  in  ten  to  twenty  minutes.  No 
temperature  excursions  were  noted  other  than  normal  cooling.  The  batteries  discharged 
at  -20°C  underwent  a  noticeably  rapid  temperature  rise  when  allowed  to  stand  at  room 
temperature.  The  temperature  change  was  not  measured  quantitatively,  but  the  batteries 
were  hot  to  the  touch.  After  approximately  ten  to  fifteen  minutes,  the  temperature  of  the 
batteries  began  to  return  to  room  temperature.  The  total  cooling  time  for  these  batteries 
may  have  been  as  long  as  an  hour.  This  behavior  may  result  from  decomposition  of  the 
ternary  compound  discussed  above.  However,  simply  increasing  the  rate  of  the 
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decomposition  reaction  would  not  explain  the  heat  released.  This  dramatic  temperature 
change  raises  some  safety  concerns.  There  are  applications  which  would  require  many 
batteries  to  be  housed  in  closed  containers  and  operated  at  low  temperatures.  If  there 
was  a  temperature  rise  from  several  batteries  under  those  conditions,  the  possibility  for 
venting  or  fire  increases.  This  is  also  an  area  which  should  be  further  investigated. 

Impedance  Spectroscopy 

The  impedance  measurements  made  on  all  of  the  batteries  prior  to  discharge 
resulted  in  complex  plane  plots  which  were  nearly  identical.  A  representative  sample, 
shown  in  Figure  9,  demonstrates  a  single,  slightly  depressed,  dispersion.  The  rising  tail 
at  low  frequency  is  a  result  of  the  porous  nature  of  the  cathode.^’’  The  semicircular 
potion  of  the  curve  is  due  almost  entirely  to  the  lithium  anode  and  the  polymer  film 
which  forms  on  the  lithium  surface  as  a  result  of  interaction  with  the  solvent.^’  ^  There 
may  be  a  slight  contribution  from  the  cathode  in  the  depressed  semicircle,  but  that 
contribution  will  be  small.  The  rising  tail  provides  the  only  information  about  the 
cathode  available  in  the  impedance  measurement  of  a  fresh  lithium  battery.^  In  addition 
to  the  distortions  of  the  dispersion  curves  due  to  the  rough  and  coated  lithium  surfaces 
and  porous  nature  of  the  cathode,  there  may  be  an  inductive  effect  due  to  the  spirally 
wound  construction  of  the  batteries. 

After  complete  discharge,  another  impedance  measurement  was  taken  on  each 
battery.  The  shape  of  the  resulting  complex  plane  plots,  while  quite  reproducible 
between  batteries  in  a  particular  set,  were  found  to  be  very  dependent  on  the  temperature 
and  rate  used  to  discharge  the  batteries.  This  reproducibility  suggests  that  the  quality 
assurance  in  the  manufacturing  of  these  batteries  is  quite  good.  When  the  batteries  were 
allowed  to  rest  at  open  circuit  for  about  30  days,  the  resulting  complex  plane  plots  were 
notably  not  as  reproducible  and  in  some  cases,  the  series  resistance  measured  at  high 
frequency  was  rather  large. 

The  dispersions  observed  for  the  low  rate  discharge  at  both  70°C  and  25°C 
(Figure  10)  are  typical  of  systems  in  which  the  cathode  is  a  porous  structure  and  leads  to 
a  reflective  boundary  behavior.  The  electrical  circuit  which  models  this  behavior  is  an 
unterminated  transmission  line  as  illustrated  in  Figure  11.^ 

The  overall  impedance  of  both  dispersions  is  almost  two  orders  of  magnitude 
greater  than  that  observed  for  the  fresh  batteries.  It  is  also  interesting  to  note  that  the 
dispersions  for  both  temperatures  show  a  high  frequency  Warburg-like  behavior, 
suggesting  that  the  cathode  process  is  entirely  diffusion  limited.  The  large  impedance  is 
due  to  the  deposition  of  LiF  deep  in  the  pores  of  the  cathode.  The  high  frequency 
semicircle  indicates  that  some  LiF  was  depositied  on  the  surface  and  the  rest  is  in  the 
pores.  This  is  reflected  by  the  low  frequency  constant  phase  response  indicated  by  the 
straight  line.  The  lower  slope  of  that  low  frequency  is  expected,  since,  at  higher 
temperatures,  more  LiF  is  deposited  deeper  in  the  pore  structure.  Figure  12  shows  the 
dispersion  for  a  low  rate  discharge  at  O^C.  The  tail  at  low  frequency  has  almost 
disappeared  and  two  clear  time  constants  are  observed.  The  higher  frequency  time 
constant  is  most  likely  due  to  the  LiF  film  formation.  This  suggests  that,  at  lower 
temperatures,  the  electrochemical  process  does  not  penetrate  the  cathode  very  far  and 
deposits  a  greater  amount  of  LiF  on  or  near  the  surface  rather  than  in  the  pore  structure. 
The  loss  of  the  low  frequency  tail  implies  that  the  pore  structure  is  much  less  accessible 
and  therefore  does  not  appear  in  the  spectrum.  Further  support  for  this  interpretation  is 
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seen  in  Figure  13,  which  shows  the  dispersion  obtained  for  a  low  rate  discharge  at  -20°C. 
There  are  two  time  constants  observed  in  that  figure  and  no  low  frequency  tail.  It  is 
further  observed  that  the  overall  impedance  for  that  dispersion  is  only  25%  of  the  overall 
impedance  observed  at  the  other  three  temperatures.  The  previous  spectra  showed  real 
resistances  which  were  three  times  greater  than  that  observed  at  -20°C.  The  decrease  in 
the  overall  impedance  is  not  due  to  less  LiF,  since  the  capacity  removed  during  that 
discharge  was  85%  of  the  nominal  capacity.  That  would  indicate  that  the  amount  of  LiF 
produced  was  only  15%  less  than  that  produced  from  the  other  discharge  conditions.  It 
must  be  assumed  that  the  morphology  of  the  LiF  film  is  very  different  and  less  resistive, 
or  most  of  the  LiF  produced  fell  off  of  the  surface. 

Figures  14  through  17  show  the  dispersions  obtained  for  batteries  discharged 
under  a  5-ohm  load.  The  complex  plane  plot  for  the  battery  discharged  at  70°C  shows  no 
low  frequency  tail  and  the  high  overall  impedance  is  the  same  as  that  observed  for  the 
low  rate  discharge  dispersions.  The  dispersions  observed  at  25  C  is  quite  similar  in 
shape  and  impedance  to  that  obtained  at  low  rate  and  -20°C.  The  same  argument  applied 
to  describe  the  results  of  the  low  rate  discharge  are  most  likely  applicable  here  as  well. 

It  should  be  noted  that  the  overall  impedance  decreases  with  decreasing  temperature,  a 
result  not  observed  in  the  low  rate  discharge.  The  dispersion  obtained  from  the  batteries 
discharged  at  0°C  and  -20°C  (Figure  16  and  17  respectively)  looks  very  similar  to  the 
fresh  battery  without  a  low  frequency  tail.  This  result  is  consistent  with  the  very  low 
capacity  obtained  for  that  discharge.  Any  LiF  formed  would  be  right  at  the  cathode 
surface,  completely  blocking  the  pore  structure  of  the  cathode.  That  blocking  effect 
along  with  the  lowered  diffusion,  due  to  the  increased  viscosity  of  the  solvent,  serve  to 
isolate  most  of  the  cathode  from  reaction  and  result  in  battery  failure. 

Attempts  to  fit  these  dispersion  curves  has  not  been  successful.  It  is  expected 
that  the  cylindrical,  spirally  wrapped  construction  results  in  very  poor  current 
distribution  within  the  battery  during  impedance  measurements.  This  could  be  tested  by 
opening  a  battery  and  performing  an  impedance  measurement  with  the  electrodes  in  a 
prismatic  configuration. 

The  dispersion  curves  obtained  after  all  of  the  batteries  were  allowed  to  stand  at 
open  circuit  for  a  least  thirty  days  at  room  temperature,  were  similar  in  shape  to  those 
obtained  after  discharge.  Many  of  the  dispersion  curves  showed  an  increased  series 
resistance  and  in  most  cases,  an  increase  in  the  overall  impedance.  This  result  may  be 
explained  by  considering  that  the  LiF  layer  will  digest  after  standing  and  may  become 
more  crystalline  and  therefore  even  more  resistive.  It  is  interesting  to  note  that  the 
dispersion  obtained  for  the  battery  discharged  at  -20‘>C  and  5  ohms  nearly  returned  to  the 
state  of  the  fresh  battery  after  standing.  This  observation  further  supports  the 
development  of  a  passive  layer  right  at  the  surface  which  dissolves  on  standing. 
Presumably  this  battery  could  be  discharged  again  since  very  little  of  the  total  capacity 
was  used  in  the  initial  discharge.  The  increase  in  high  frequency  series  resistance  could 
represent  corrosion  of  the  current  collectors. 

Conclusions 

The  performance  of  the  Panasonic  C-size  carbon  monofluoride  batteries  at  room 
temperature  and  above  was  quite  good.  The  voltage  plateaus  were  flat  but  did  show 
some  sensitivity  to  temperature.  The  reproducibility  of  the  battery  discharge  behavior 
within  each  set  of  batteries  was  excellent  suggesting  that  the  manufacturing  procedures 
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used  by  Panasonic  were  very  good.  Even  the  impedance  measurements  showed 
excellent  reproducibility.  Impedance  measurements  are  very  sensitive  to  the  battery 
construction.  It  is  clear  from  the  discharge  behavior  of  these  batteries,  as  produced,  that 
they  do  not  perform  well  at  low  temperatures.  That  low  temperature  behavior  is  far 
worse  at  higher  discharge  rates.  The  load  voltage  range  for  the  50-ohm  discharge  was 
2.7  to  2.2  volts  while  it  was  2.6  to  1.8  for  the  discharges  with  a  5-ohm  load.  The  load 
voltages  under  both  discharge  conditions  could  be  improved  if  a  solvent  with  a  lower 
viscosity  and  better  temperature  properties  was  used. 

The  production  of  LiF  and  subsequent  deposition  of  that  material  on  the  surface 
and  in  the  pores  did  not  grossly  affect  the  capacities  available  from  the  batteries  except 
for  the  5  ohm  load  discharges  at  low  temperatures. 

The  complex  plane  results  confirm  the  production  of  the  LiF  near  the  surface  at 
high  rates  of  discharge  and  low  temperatures,  but  do  not  provide  more  detailed  insight 
into  the  mechanism.  It  would  be  more  useful  to  acquire  the  impedance  spectra  at  many 
points  during  the  discharge.  Further,  inability  to  fit  the  impedance  data  made  drawing 
more  complete  conclusions  difficult. 

The  discharge  of  these  batteries  at  temperatures  of  0°C  to  70°C  down  to 
approximately  0.1  volts  at  both  discharge  rates  resulted  in  no  venting  or  other  safety 
concerns.  The  unexplained  temperature  excursions  noted  for  batteries  discharged  at 
-20°C  at  both  rates  is  of  concern.  More  investigations  are  necessary  to  quantify  that 
event  and  determine  whether  the  temperature  excursions  occur  at  temperatures  between 
-20°C  and  0°C. 


Recommendations 

A  better  understanding  of  the  discharge  mechanism  could  be  obtained  if  the 
impedance  data  were  acquired  throughout  the  discharge.  All  of  the  dynamic  information 
from  this  investigation  was  lost  because  of  the  necessity  of  allowing  the  batteries  to 
come  to  steady  state.  Future  work  should  include  dynamic  impedance  measurements. 
This  would  require  that  at  each  selected  voltage,  the  batteries  are  potentiostatically  held 
at  the  stopping  voltage  so  that  the  impedance  measurements  reflect  the  non-steady  state 
condition  within  the  battery.  These  types  of  measurements  will  provide  far  more  insight 
into  the  mechanism  than  can  be  obtained  from  measurments  made  at  equilibrium. 

The  effects  of  the  spirally  wound  construction  could  be  accounted  for  if  a 
prismatic  version  of  the  LiCFx  battery  were  constructed  and  used  for  the  impedance 
measurements.  Such  a  laboratory  cell  would  allow  the  use  of  reference  electrodes  which 
would  provide  information  about  the  anode  and  cathode  contributions  to  the  total 
impedance. 

The  temperature  rise  observed  after  the  discharge  at  -20°C  should  be  more 
carefully  investigated.  Cells  with  thermocouples  on  the  cases  should  be  discharged  and 
allowed  to  return  to  room  temperature.  The  changes  in  temperature  could  be  measured 
leading  to  a  better  understanding  of  that  phenomenon.  Impedance  measurements  sould 
be  made  on  the  batteries  while  they  are  returning  to  room  temperature.  This  data  may 
provide  additional  insight  into  the  mechanism  responsible  for  the  temperature 
excursions. 


8 


Time  (hr) 

Figure  3.  Discharge  Curve  for  Three  Cells  under  a  Load  of  50  ohms  at  0°C. 


Figure  4.  Discharge  Curve  for  Three  Cells  under  a  Load  of  50  ohms  at  -20°C 
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Figure  5.  Discharge  Curve  for  Three  Cells  under  a  Load  of  5  ohms  at  70®C. 


Figure  6.  Discharge  Curve  for  Three  Cells  under  a  Load  of  5  ohms  at  25°C. 
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Figure  7.  Discharge  Curve  for  Three  Cells  under  a  Load  of  5  ohms  at  0®C. 
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Figure  8.  Discharge  Curve  for  Three  Cells  under  a  Load  of  5  ohms  at  -20°C. 
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Figure  11.  Equivalent  Circuit  Used  to  Model  a  Diffusional  Impedance  and  the  Observed 

Impedance  within  a  Porous  Structure. 
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Figure  12.  Complex  Plane  Impedance  Spectrum  for  a  Cell  Fully  Discharged  under  a  Load  of 

50  ohms  at  0°C. 
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Figure  14.  Complex  Plane  Impedance  Spectrum  for  a  Cell  Fully  Discharged  under  a  Load  of  5 

ohms  at  70°C. 
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Figure  15.  Complex  Plane  Impedance  Spectrum  for  a  Cell  Fully  Discharged  under  a  Load  of  5 

ohms  at  25°C. 
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Figure  16.  Complex  Plane  Impedance  Spectrum  for  a  Cell  Fully  Discharged  under  a  Load  of  5 

ohms  at  0°C. 
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Figure  17.  Complex  Plane  Impedance  Spectrum  for  a  Cell  Fully  Discharged  under  a  Load  of  5 

ohms  at  -20*’C. 
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